Abstract-This paper presents three possible decay instabilities of the fast wave in the lower hybrid frequency regime. It has been considered that a fast wave may decay into a highfrequency, lower hybrid wave and a low-frequency wave, either the ion-Bernstein wave, ion-acoustic wave, or kinetic Alfven wave. Explicit expressions for growth rates, homogeneous thresholds, and convective thresholds have been given. Applications have been pointed out in tokamak plasmas during current drive experiments and magnetospheric plasmas. For example, for PLT tokamak parameters, the convective threshold for the decay instability of the fast wave into lower hybrid and ion acoustic waves comes out to be ~18O W/cm 2 .
I. INTRODUCTION
M OST of the current drive experiments in tokamak [1] , [2] have utilized lower hybrid waves, but so far they are successful only in the low-density region. The limitation in density is the so-called "density limit" [3] , beyond which the current cannot be driven by slow waves. Since fast waves [4] , [5] propagate at higher densities, they may serve better than lower hybrid waves in a tokamak reactor.
Current drive by a fast wave has been performed in several toroidal devices [6] , [7] and tokamaks [8] - [10] . The experiments on the tokamaks [8] , however, have not conclusively shown that fast wave current drive can be achieved by means of electron Landau damping of the fast waves launched directly, possibly due to conversion of the fast waves to slow waves. In the JIPPT-IIU current drive experiment [8] , the density limit for the fast wave current drive is also observed, contrary to the theoretical expectations based on their linear wave propagation. Here also the fast wave current drive disappears almost at the same density as the density limit for the slow wave current drive. The ion tail formation was also observed during operation. From the viewpoint of linear theory, fast waves with a small perpendicular refractive index (r/o±) cannot interact directly with the ions. Hence there exist some possibilities for the excitation of parametric decay by the generation of slow waves, even during fast wave injection and the correlation of parametric decay of the fast wave with the ion tail formation, as was also studied experimentally [8] . For this purpose RF spectra of the pump and lower sideband were monitored. With increasing density the spectrum of received high-frequency signals changes from Manuscript received July 24, 1990; revised January 22, 1991. This work was partially supported by the Department of Science and Technology, India, through the sponsored project, "Study of Waves and Instabilities in Ionosphere, Magnetosphere, and Laboratory Conditions."
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a monochromatic pump to a spectrum with pump broadening accompanied by a weak lower sideband. It was concluded that the occurrence of parametric decay correlates with the ion tail formation and results in the deposition of a part of the RF power at the peripheral region. In an other JIPPT-IIU experiment [9] , density limit for the fast wave is also observed, but this density is two orders of magnitude higher than the density limit predicted for the slow wave current drive. Some mechanisms [11] , [12] have been suggested for the generation of slow waves during fast wave current drive experiments. The possibility of parametric decay of the fast wave (whistler) by the ion-cyclotron wave has been studied theoretically by Tripathi [11] . But some other decay channels which may be even more important during fast wave current drive experiments have not been considered in that paper. The decay channels of fast waves (FW) considered in the present paper are as follows: i) Decay into the lower hybrid wave (LHW) and ionBernstein wave (IBW) ii) Decay into the LHW and ion-acoustic wave (IAW) iii) Decay into the LHW and kinetic Alfven wave (KAW). It has been demonstrated theoretically that a fast wave can, in fact, excite the slow (LHW) wave and a low-frequency ion-Bernstein or ion-acoustic wave for JIPPT-II-U or PLT parameters. Application of the parametric decay instability of the FW into LHW and KAW (for (3 < m e /mi) has also been pointed out to Earth's magnetospheric plasma.
II. BASIC THEORY

A. High-Frequency Wave Dynamics
The fast and slow waves are represented [4] , [5] by solutions of the cold plasma wave dispersion relation. They can be distinguished by their polarization and different wave vectors. Considering static magnetic field along the z-axis (B 0 = B o z), the dispersion relation [5] , [13] for slow and fast waves in the lower hybrid frequency regime is given by: (iOpe/a!ce) -
Here, tu pe (uj pl ),v ce (uj c i) are the electron (ion) plasma frequency and electron (ion) cyclotron frequency, respectively, fcoy and ko± are parallel and perpendicular components of the pump phase vector with the static magnetic field BQ.
In the following discussion, the "0" and "-" subscripted quantities represent the pump and high-frequency sidebands, respectively. Unsubscripted quantities represent the lowfrequency sideband. Equation (1) indicates two modes of wave polarization in terms of 77^:
In the lower hybrid range of frequencies, e±,e x that typically, P o > 0 and P 4 < 0. The "slow" wave branch (small o; 0 /fcoj.) of the dispersion relation then corresponds to the positive sign of (5), and the "fast" wave branch corresponds to the minus sign in (5) . The slow wave branch will have a cold plasma resonance (?7O_L -> 00) for P4 = ej_ = 0, thus defining the lower hybrid frequency, such that wih = LOQ = u p i/(l + u . It is this slow wave branch of the dispersion relation that one may typically associate with the lower hybrid wave. If one considers the propagation of the slow wave at densities much greater than those corresponding to the cut-off densities of slow and fast waves, then the lower hybrid wave polarization is essentially electrostatic [13] . In this case the dispersion relation of the lower hybrid wave can be deduced from the following equations of momentum balance, continuity, and Poisson's equation:
where n 3 is the plasma density of the species, j = i,e(i = ion, and e = electron). Here, rrij, qj, Vj, and v t j are the mass, charge, velocity, and thermal velocity of the species j. Also, 4> is the electrostatic potential of the wave, and Fj is given by:
Combining (6)- (8) 
and
where Fj( =itE ) x , F jy , and Fj z are x, y, and z components, respectively, of Fj( =i] e) (see (9) ) at (w_, fc_). The last nonlinear term in (16) arises because of the thermal term in (6) .
The linear dielectric function e(u,k) (cf. (14)) is obtained by using the fluid model. In the cold plasma approximations (i.e., UJ 2 -Wei > klv%) and high-density region (ujpi > UJ 2 -wli), one obtains (from (14)) the usual cold plasma ion-Bernstein wave [14] - [16] dispersion relation for
Including the kinetic effects pheonomenologically in the dielectric function, the dispersion relation of the ion-Bernstein wave [17] (w^ > w 2 ,w c i < u < 2u) ci ,u> > k z v te ) is given by:
The above dispersion relation for the IBW [17] is valid only when Ai <C l(Xi -klTi/rrncu^). This suggests that the kinetic effects are weak for the IBW discussed in (18) . Therefore the nonlinear interactions can be studied within the fluid model, which for a magnetized plasma requires that \i < 1. The IBW frequency lies just below the nth harmonic of the ion-cyclotron frequency for Ai <C 1 and asymptotically approaches the (n -l)th harmonics [15] as A; -> oo. Hence the theory is valid with a very good approximation when w 0 is close to 2uj ci or UJ < u ci . From (18), one can see that in the very low-density region (u) 2 t < w 2 -LJ 2^, this wave is an electron plasma wave, but in the high-density region (w^ > to 2 ), k\ becomes sufficiently large to allow the ion term to dominate over the electron term and the wave is an IBW [17] .
The equations governing the dynamics of the low-frequency IBW (UJ CI < w 5 2w c i) are given by: (19) where e(w, k) and A e are given by (18) and (15), respectively. Here, A' t is:
Ion-Acoustic Wave (w < w cl ): Since the parallel phase velocity of the wave lies between the ion-and electron-thermal speeds (v t i < ui/k z < v te ), the electron dynamics can be treated adiabatically. This means that the inertialess electrons obey the Boltzmann distribution:
The ion motion is basically two dimensional. One can use the drift approximation for ions (as w < w ci ). On using the ion continuity equation and quasi-neutrality condition (m = n e = n), one obtains:
where Ai is given by:
(23)
and the dielectric function eiui,k\ of the ion-acoustic wave (u> <C oj c i) is given by: [18] , [19] one can obtain the equation for the kinetic-Alfven wave for low-/3(/3 = 8nNoT e /B^) plasmas (i.e., m e /mi < (3 < 1):
where Ai is given by (16) , with k x pi <C 1 and UJ < u ci , and the dielectric function e(u),k) of the kinetic-Alfven wave is given by:
When (3 < m e /mi, the parallel (to B o ) phase velocity of the wave is larger than the electron thermal speed. Here, the electron inertia plays a significant role. One can obtain the following equation for KAW for /3 < m e /m,i:
where the dielectric function e(ui,k) is given by:
pe
III. STABILITY ANALYSIS
Using the equations governing the dynamics of high-and low-frequency waves, one can make an analysis for decay instability and obtain the following equations for high-and low-frequency waves:
where the coupling coefficients /i-and fi appearing in (29) and (30) are given by (Al) and (A2) for the decay instability, where the low-frequency wave is IBW, by (A5) and (A6) for the low-frequency wave is IAW, and by (A7) and (A8) for the low-frequency wave is KAW, respectively, for different parametric decay channels of fast wave.
The nonlinear dispersion relation of the decay instability is given by:
Letting u = LJ T + i'fo, and 70 <C a; r ,w_ r , one can obtain the growth rate (much above the threshold) [21] by:
First, the decay instability of the fast wave pump into the lower hybrid wave and IBW is considered. The homogeneous growth rate for this decay instability is given by:
where ^BL and /X_ B L, the coupling coefficients of IBW and LHW, are given by (Al) and (A2), respectively, and SB and SL are given by:
where ui H = (w 2 e + w 2 e ) is the upper hybrid frequency. The homogeneous threshold is given by:
where T B and TL are the phenomenologically incorporated damping factors for IBW and LHW, respectively, in the absence of the pump wave. This damping is the sum of collisional, ion-cyclotron, electron, and ion-Landau damping. Depending on the parameters of the plasma and wave, one damping may also dominate the other [15] , [20] . The damping rate is given by lme/(de/dui).
In an inhomogeneous plasma the resonance conditions w_ = u) -o»o and fc_ = k -k 0 can be satisfied exactly only locally. The propagation of decay waves out of this "resonant region" of interaction limits the growth, leading to possible stabilization of the parametric process. The instability grows initially with the homogeneous plasma growth rate 7 0 and finally saturate after an amplification of about exp(7 2 /fc'V"i V) [21] , where Vi and V are the group velocities of the decay waves along the gradient in the density direction. Such solutions are called convective: considering the density gradient along the x axis, the convective threshold for the decay of FW into LHW and IBW is given by:
-
where A B and AL are given as follows:
and SB, S L , H B L, and /i_ BI are given by (34), (35), (Al), and (A2), respectively. Here, L is the density scale length.
For application purposes, first we discuss the relevance of our work to tokamak plasma parameters (e.g., nearly JIPPT-IIU tokamak parameters)-iV 0 = 3*10 12 cm" 3 , B o = 1.8 T, Ti = 100 eV, T e = 500 eV, r? 0 || = 2.5, / 0 = 800 MHz and considering the inhomogeneity in density along the x-axis-the convective threshold comes out to be 20 W/cm 2 for k Ox L -10. However, at higher density and temperature, e.g., iV 0 = 1.5 * 10
13 cm" 3 , T e = 700 eV, and keeping other parameters the same as above, the matching conditions for this decay instability are not satisfied. Secondly, for ITER plasma parameters--/V o = 1.5 * 10 13 cm" 3 , B o = 4.85 T, T % = 300 eV, T e = 700 eV, 7701| = 3, / 0 = 800 MHz and considering the inhomogeneity in density along the x-axis-the convective threshold comes out to be 350 W/cm 2 for ko x L = 10. For higher plasma densities (e.g., . /Vo S; 2 * 10 13 cm" 3 ) and keeping other parameters the same as above, the convective threshold comes out to be larger than 2 kW/cm 2 for the parametric decay instability of FW into LHW and IBW in ITER plasma. For PLT plasma parameters, either matching conditions are not satisfied or convective thresholds are larger than 2 kW/cm 2 to make this instability less important there. In the expression of (I B L and ^-B L, only dominant terms in the ion and electron nonlinearities are kept (cf. (Al) and (A2)). For this decay process of the FW into LHW and IBW, the important nonlinearities in the low-frequency IBW arise from perpendicular (to Bo components of the ponderomotive force of ions and the parallel component of the ponderomotive force on electrons (cf. (20) ). In the high-frequency decay LHW dynamics, the important nonlinear contribution arises due to the flux terms containing (riiV • v^j and (n e V • v^A (cf. (12)). Here, ion and electron nonlinearities are of the same order in both coupling coefficients; i.e., (Al) and (A2). The changes in the convective threshold by a small variation of different plasma parameters are as follows: The convective threshold increases rapidly with the reduction of T/O| | (= feoyc/wo) of the pump wave, and it also increases with this enhancement of plasma density and reduction of the magnetic field.
The homogeneous growth rate for the decay instability of the FW pump into the LHW and ion-acoustic wave (IAW) is given by: where \IAL and H~AL, t ne coupling coefficients of IAW and LHW for decay of the FW into LHW and IAW, are given by (A5) and (A6), respectively, S L is given by (35), and SA is given by:
The homogeneous threshold is given by:
where T A is the phenomenologically incorporated damping factor of I AW in the absence of the pump wave. The damping rate [15] is given by Ime/(de/duj). For the ion acoustic wave the most important damping processes are electron and ionLandau damping, which gives:
where Ao e is the Debye length. In the case of the IAW, linear damping rate is strong in the tokamak plasma with T z <T e . where v e is the electron-ion collision frequency, and cos 8-=
Considering the density gradient along the x-axis, the expression for the convective threshold is given by:
where S L , A L , n AL , and V-AL are given by (35), (39), (A5), and (A6), respectively. For application purposes, we discuss the relevance of the parametric decay instability of the FW into LHW and IAW to tokamak plasma parameters, e.g., nearly JIPPT-IIU tokamak parameters (the same as discussed in the previous decay channel)-AT 0 = 3 * 10 12 cm"" 3 , B o = 1.8 T, T { = 100 eV, T e = 500 eV, /fay = 2.5, and f 0 = 800 MHz-the homogeneous threshold comes out to be 20 W/cm 2 . Considering the inhomogeneity in density along the x-axis, the convective threshold comes out to be 10 W/cm 2 for k Ox L -10. However, at higher density and temperature, e.g., NQ = 1.5 * 10 13 cm~3, T e -700 eV, and keeping other parameters the same as above, the homogeneous threshold comes out to be 400 W/cm 2 , and the convective threshold, 200 W/cm 2 for k Qx L = 10. Secondly, we discuss the relevance of this parametric decay channel to PLT tokamak plasma parameters-f 0 = 800 MHz, N o = 2.5 * 10 13 cm" 3 , B o = 3.0 T, T e = 600 eV, T e /T t = 1.71, m,i/m e = 4000, and 7701| = 5.0-the homogeneous threshold comes out to be 100 W/cm 2 . Taking into account the inhomogeneity in density, the convective threshold comes out to be 180 W/cm 2 when the density gradient is considered along the a;-axis and ko x L = 10 for the decay instability of the FW into LHW and IAW. In the last, we discuss the relevance of this decay instability to ITER plasma parameters in the same domain as discussed in the previous decay channel (i.e., FW decays into the LHW and IBW), the homogeneous threshold comes out to be 180 W/cm 2 , and the convective threshold, 300 W/cm 2 . At higher densities, in contrast to the previous decay channel, this decay instability may be very important, e.g., for f 0 = 800 MHz, 7V 0 = 3.0 * 10 13 cm" 3 , Bo = 4.85 T, T e = 1 keV, T e /Ti = 3.33, m,/m e = 4000, and 77011 = 4.5, the homogeneous threshold comes out to be 100 W/cm 2 , and the convective threshold, 70 W/cm 2 . For the above plasma parameters of JIPPT-IIU, ITER, and PLT tokamaks, the important damping in the damping rate of LHW arises due to collisions, while electron and ion-Landau damping are the most important damping for the ion-acoustic wave, specifically when T e > Ti, as in the case of tokamak plasmas. The threshold power, which highly depends on the damping factors (F^t and FL), is accordingly modified by the change of plasma and wave parameters. Therefore it is obvious that in the tokamak plasmas with T e ,2 Ti, the homogeneous threshold may exceed the convective threshold because of the fact that IAW's are strongly Landau damped. The convective threshold for this decay process increases by slightly decreasing the plasma density or increasing 7701| or decreasing the magnetic field. Here the dominant nonlinearity in the low-frequency wave dynamics arises through parallel to the Bo component of the ponderomotive force on ions, and ion nonlinearity is approximately one order of magnitude larger than the electron nonlinearity. In the high-frequency wave dynamics the dominant nonlinearity arises through the flux term (n e V • VQA in the continuity equation and is one order of magnitude larger than the ion nonlinearity for PLT tokamak plasma parameters. Here, we can see that the convective threshold for this decay instability is comparable to the decay of the FW by the ioncyclotron wave, as discussed by Tripathi [11] .
The homogeneous growth rate for the decay instability of the FW into the LHW and kinetic-Alfven wave (KAW) for (3 < m e /nii plasmas is given by:
and the homogeneous threshold is given by:
where TKL and TL are the damping factors for the kineticAlfven wave (/3 < m e /mi) and LHW, respectively, and SL, fi-KL, and HK L are given by (35), (A7), and (A8), respectively.
Considering the density gradient along the x-axis, the convective threshold is given by:
where AL is given by (39). Considering the density gradient along the z-axis, the convective threshold is given by:
For application purposes, first, we discuss the relevance of this decay process; namely, the decay of the FW into the LHW and KAW (/3 < m e /mi) for tokamak plasmas. For the typical set of plasma parameters of the PLT tokamak-N o = 1.5 * 10 13 cm" 3 , B o = 3 T, T e = 150 eV, T { = 100 eV, 77o| | = 2, and f 0 = 800 MHz and considering the density gradient along the rr-axis, we find the convective threshold power to be ~ 1 KW/cm 2 for k Ox L = 10. It seems that this decay channel is less important in tokamak plasmas, because in this parameter regime thresholds for the other two decay channels are less than the threshold for this decay instability (i.e., 1 KW/cm 2 ). For the tokamak parameters discussed in the other decay channels this instability seems to be less important, because either the matching conditions are not satisfied or the threshold is relatively high. However, this decay channel may be quite important in the Earth's magnetospheric plasmas as discussed below.
The dispersion relation of fast waves [equation (1)] can be reduced [22] to the usual whistler wave dispersion relation in the frequency regime, W CI /COS9Q -C UO -C iof h cos9 0 /ui c i. Here, 9Q is the angle of fco with the static magnetic field. If ko\\ ^ ko x , the expressions may be used for the study of parametric decay of the whistler wave [5] . Here, we point out that our results for the above decay process-i.e., decay into the LHW and KAW for (3 < m e /mi plasma-can be quite useful for the understanding of the magnetic pulsations observed in the Earth's magnetospheric plasmas. Taking the typical plasma parameters at 4 Earth radii: B o = 500 7, N o = 100 cm" 3 , T e ~ T x = 1 eV, mi/m e = 1836, / 0 = 400 Hz, we obtain /3 = 3.2 =* = 10~4(/3 < m e /nii). The electron-ion collision frequency in the magnetosphere is 3 * 10~3 rad/s. The threshold electric field comes out to be 1 /xV/m. For a typical value of the whistler wave electric field 1 mV/m, the growth rate of the decay interaction is 0.2 s" 1 .
IV. CONCLUSION
When fast waves in the lower hybrid frequency regime are used for current drive purposes in tokamaks, they may decay into a high-frequency, lower hybrid wave and a lowfrequency wave (i.e., the IBW or IAW). These decay channels of the FW are, in fact, found to be compatible with the decay of fast waves by ion-cyclotron waves [11] . The convective threshold power for the decay of the FW into the LHW and IAW comes out to be 180 W/cm 2 for PLT parameters when the density gradient is considered along the x-axis. This convective threshold power is compatible to the decay of the FW by the ion-cyclotron wave discussed earlier. Further, it is pointed out that this decay channel of the FW into the LHW and IAW is important at relatively high fi tokamak plasmas (e.g., JIPPT-IIU and PLT parameters as discussed in the earlier section). However, when (3 is relatively low in the tokamak (e.g., ITER parameters and JIPPT-IIU tokamak parameters with lower densities as discussed earlier), the parametric decay of the FW into the LHW and IBW (w ci < w < 2u> cl ) may have the comparable convective threshold with the previous decay channel (i.e., FW decay into the LHW and IAW). For relatively higher density plasmas (or /?), the convective threshold for the decay of the FW into the LHW and IBW increases rapidly to make this instability less important there. Therefore the parametric decay processes discussed in the present paper may be responsible for the density limit, even for the FW current drive [9] or the ion tail formation observed in the current drive experiment [8] . At high pump power and high density plasmas, the fast wave pump may decay into the LHW and IAW. The high-frequency decay LHW may further decay and saturate through the cascading process. Therefore the received high-frequency signal may have the spectrum, with pump broadening accompanied by a weak lower sideband observed in the experiment [8] .
In predicting the efficiency of the FWCD, these parametric decay processes must be included as a loss term for large tokamaks, because the slow wave (LHW) cannot penetrate the regions of high density as the FW does. This momentum and energy of the pump waves are channelled into two electrostatic decay waves, which should deposit their energy near the lower hybrid resonance, preferentially to the ions.
The decay channel involving the KAW and LHW is found to be less important for tokamak plasmas, but it may be the quite important three-wave interaction to explain the magnetic pulsation phenomena in Earth's magnetospheric plasmas.
APPENDIX
The coupling coefficients for the decay of the FW into the LHW and IBW (co ci < w < 2w ci ) are given by: 
Here R x and R 2 are given by (A3) and (A4), respectively. The coupling coefficients for the decay of the FW into the LHW and KAW (/3 < m e /mi) are given by: 
